Miscellaneous and electronic loads (MELs) consume about one-third of the primary energy used in U.S. buildings, and their energy use is increasing faster than other end-uses. In health care facilities, 30% of the annual electricity was used by MELs in 2008. This paper presents methods and challenges for estimating medical MELs energy consumption along with estimates of energy use in a hospital by combining device-level metered data with inventories and usage information. An important finding is that common, small devices consume large amounts of energy in aggregate and should not be ignored when trying to address hospital energy use.
Introduction
Hospitals are known to be among the most energy intensive commercial buildings in California and throughout the United States, and there is concern that medical equipment comprises a substantial and sharply increasing fraction of energy use in hospitals. Both the California Commercial End-use Survey (CEUS, CEC 2006) ) and the Commercial Building Energy Consumption Survey (CBECS, EIA 2006) provide estimates of hospital energy consumption resolved by end-use, but the estimates do a poor job of capturing medical equipment. The best estimate available today relies heavily on CBECS and a few estimates for large medical imaging equipment (e.g. MRIs) to estimate that 30% of health care facility annual electricity was used by MELs in 2008 (TIAX 2008) . There is a dearth of information about the amount of energy used by medical equipment including both the high-power imaging systems such as MRIs and the smaller equipment that is ubiquitously distributed throughout hospitals. In addition, there are no meaningful bottom-up estimates that aggregated measured, or estimated, energy consumption of individual devices. The top-down estimates are typically derived from subtracting relatively uncertain estimates for other electrical loads (e.g. cooling, lighting, etc.) from uncertain total electrical use rates for hospital buildings. Owing in part to this uncertainty in attribution, efforts to reduce energy use in hospitals typically focus on discrete measures and technologies that may ignore the largest and most cost-effective opportunities for savings.
Although the visibility of medical equipment energy use has increased due to recent studies, the attention is typically focused on high-powered medical imaging devices such as MRIs or laboratory equipment (Jensen and Petersen 2011) . The energy use of small medical devices is poorly characterized due to a lack of information, but these devices may be important based on their number (e.g. infusion pumps) and/or use patterns (e.g. monitoring systems). This paper reviews a proposed method for estimating medical MELs energy consumption, summarizes data collected in an example hospital, and presents the resulting energy estimates in the context of hospital energy consumption.
Case Study Hospital Background
This study was conducted at the Stanford University Medical Center's (SUMC's) Stanford Hospital and Clinics (SHC) and the Lucille Salter Packard Children's Hospital (LPCH) . SHC and LPCH are acute care hospitals located in Palo Alto, California, USA that have approximate floor areas of 900,000 sq. ft. and 260,000 sq. ft., respectively. SHC and LPCH provided equipment inventories, assisted in making measurements of power consumption levels for medical devices in connection with calibration and maintenance activities, and provided estimates of device usage patterns. SHC and LPCH are located in the same physical building and share resources accordingly.
Methods
The focus of this study was to develop and demonstrate methodologies to quantify power and energy use both for medical devices and for devices with non-medical purposes that serve medical functions. As such, hospital MELs in this project have been separated into three broad categories: those with a uniquely medical function, devices which can have non-medical function but are used in hospitals for purposes of medical care, and electrical devices without a direct medical function. Examples of devices with a uniquely medical function include those that contribute to patient care, e.g., through diagnosis or treatment. These include patient monitors, patient beds, and infant warmers, among others. Devices that have non-medical application but are used for medical purposes include refrigerators, microwaves, and computers, among others. Finally, devices such as vending machines, televisions, and water fountain chillers exemplify devices without a direct medical function.
Framework for Quantifying Medical Equipment Energy Use
In developing a framework for quantifying energy consumption of medical equipment, we started with generic methodologies developed for miscellaneous electrical loads in other commercial buildings (Kawamoto et al., 2002) . Figure 1 shows the basic framework for quantifying the energy consumed by MELs using a bottom-up approach. The approach is to calculate aggregate energy use from three component data sources: (1) power consumption in each operating mode for each device, (2) amount of time spent in each operating mode, and (3) population of devices in use. To begin, data are collected about the device's power consumption in each of its operational modes. Sources include existing data (e.g., from manufacturers) or data collected expressly for the research study (e.g., with logging power meters). The calculation of energy consumption by MELs also has a time element and requires data about the amount of time spent in each operational mode in a typical year. Ideally, this information would be derived from time-series data on device usage over a time period that is long enough to reflect "typical" use and capture variability over relevant time scales, e.g. diurnal and weekday vs. weekend variations. Although measured data on medical equipment energy use patterns is required to estimate how long of a metering period is needed to capture these patterns effectively, we expect weeks rather than days or hours of data would be required. The product of the power use in each mode and the time spent in each mode yields the unit energy consumption (UEC), which is the term for the annual energy use of a single device. Multiplying the UEC by the total number of devices in use allows calculation of aggregate energy consumption (AEC) for a given device category at the hospital. Figure 1 also shows the data sources used for calculating energy use in this study, and these sources will be discussed later in this paper.
Figure 1. Framework for estimating medical equipment energy consumption in hospitals
In principle, the data necessary to quantify medical equipment energy consumption can be collected with one of two basic approaches: (1) separately obtain information on power use in each operational mode and time spent in each mode for a sample population of devices, or (2) collect accurate time-series measurements of power use for a sample population of devices. The former has the advantage of being obtainable even with less accurate time-series metering. The latter is more direct. In either case, the variability among different makes and models (e.g., different generations) of devices that perform a given function (e.g., patient bed, infant warmer, IV pump, etc.) can be measured. Moreover, the variability in use patterns can also be measured. The variability in use patterns may be correlated with medical service (e.g., the different activity pattern of a ventilator in an ICU as compared to a ventilator in radiology), and measurements in different use areas should be collected to mitigate this issue.
Special Challenges and Opportunities in Hospitals
Working with staff at SHC and LPCH, we learned that the standard MEL methodologies described above could not be applied directly or even adapted to hospitals; fundamentally different methods were needed. The special characteristics of hospitals make some elements of this approach prohibitively difficult and/or limiting.
The first limiting element is access for cataloging equipment. In most buildings, device prevalence can be cataloged in a smaller area that is considered as representative of some larger area; this typically occurs during off-hours, but can be accomplished during occupied periods when necessary. In hospitals, most functional areas (e.g. service areas) are comprised of specialized sub-areas with no single sub-area being representative of the larger area. In addition, many areas are not accessible to researchers without a dedicated escort and some areas are essentially inaccessible due to privacy or safety concerns. To further complicate matters, equipment is constantly in flux and typically moved into the place of use only when needed by a patient. The most restricted access is in any area in which patient care is ongoing. Thus, access is restricted precisely at the times and locations most relevant to equipment cataloging.
The second and perhaps even more problematic restriction at the hospital in this study, and likely at other hospitals, is that energy meters cannot be connected in-line to any device that is being used for patient care or patient services due to potential safety issues. This restriction on connecting to in-use equipment limits the potential for either direct metering of energy use or even metering to determine activity data. In consideration of these critically limiting conditions, we identified a need for a nonintrusive method of metering a single device's activity pattern. More information on this new meter is described in a subsequent section.
The many medical devices that can be powered both from a wall outlet and internal rechargeable batteries poses another challenge. These devices have levels of power consumption that vary depending on if they are charging while operating or not, and the state of the battery charge. Even with thorough in-use power metering, it may be difficult to determine the power consumption levels of the various modes.
Medical equipment inventory processing and sorting
SHC and LPCH staff provided several equipment inventories. For each hospital, we obtained inventories for medical devices, hospital beds, IT equipment, and facilities equipment. Hospital staff provided much needed guidance in interpreting the inventories, which was especially helpful in the case of the medical device inventories.
The medical equipment inventories for SHC and LPCH contained 18,540 and 10,500 devices, respectively. Several clean up steps had to be taken prior to sorting the medical device inventories into approximately 50 categories based on device function. Devices that do not consume electricity (e.g. attachments or extensions that would never be powered directly) were removed from the inventories. Devices that are exclusively powered by non-rechargeable batteries were removed from the inventories. Items that use rechargeable batteries were left in the inventory. This sorting step required significant effort due to the fact that the power supply requirements of any given device type often varied by manufacturer and also differ from model to model. A fetal heart detector, depending on manufacturer and model number, for example, can run on plug or battery power, and/or can run on rechargeable or non-rechargeable batteries.
The revised SHC and LPCH medical device inventories number 14,648 and 7,372 items each. Table 1 shows the total number of medical devices in each category in both SHC and LPCH. The "Others" category includes devices that are few in numbers (~20 devices total or less), and/or are integrated systems that have multiple devices that can consume electricity separately (e.g., automated and integrated surgical system consisting of video display, probe, lighting system).
Bed Inventories
The electronic (rechargeable battery) hospital beds were counted separately from the medical equipment. SHC and LPCH had 548 and 137 beds, respectively.
Power Consumption Measurements
Our main objective was to quantify the aggregate power consumption of hospital medical devices. In addition to knowing what devices and how many of each device is present in the hospital, we also needed to measure the power consumption of a representative sample of devices. Ideally the power consumption measurements would be made during actual use of the devices. The power meters we used meet electrical safety standards but are not certified to a degree suitable to meet high patient safety requirements for use with devices providing a direct medical function. Either further internal safety testing or external safety certification would be needed to use these meters on devices providing medical care. As a next best option, we collaborated with the biomedical engineering and clinical technologies (BME/CT) staff at SHC and LPCH to devise a methodology to measure the power consumption of medical devices during maintenance, calibration, and safety check procedures performed in various BME/CT shops in both SHC and LPCH. Each shop was provided with at least one time-series, data logging power meter 1 and a logbook for each meter. Technicians were asked to plug medical devices being serviced into a meter and record the date, time, specific information about the device (manufacturer, model, and description), and to check boxes indicating which power modes (charge, standby, and operation) the device was in during the metering period. Meters were configured to log power measurements in units of Watts and power factor values every ten seconds. Technicians were asked to make power measurements of devices for at least two minutes, which was often exceeded. Downloaded data were processed by averaging power measurements in each power mode for each device and noting the peak power measurement of each.
Results and Discussion
In all, power measurements of 130 individual medical devices were recorded representing 30 medical device categories (see Table 2 ). For the most part, technicians metered devices that just happened to come in for maintenance. Toward the end of the metering campaign, we identified categories for which no measurements had been made and requested that BME/CT staff seek out and meter specific devices in these categories. While each medical device was clearly in an operating mode during the servicing/metering period, it was not clear if or when the device was in a standby mode. Time constraints prevented the technicians from going outside of their normal service and calibration procedures and intentionally putting devices in standby mode. Operating room technicians were provided with WattsUp meters, but participation was very low in these areas.
An initial concern about making power measurements during service procedures was that the devices would not be under the same load that they would be during actual use. Devices that operate with loads are put under simulated loads as part of their servicing and calibration procedures. For example, the output of a ventilator is fitted with different size flexible tubes to mimic the resistance of adult-and child-sized lungs.
The measurements provided valuable insight into the range of power consumed by devices in the same category and even among the same make and model of devices (see Figure 2 ). Ventilator-A and Ventilator-B are ventilators from two different manufacturers. The bars in Figure 2 are power measurements for different units in each manufacturer/model group, A and B. Manufacturer/model A ventilators had a wider range of operating power consumption than those of manufacturer/model B.
Figure 2. Average power measurements of two manufacturer's models of ventilators (A and B) showing the variation in A and the relative consistency in B.

Comparisons of spot measurements to rated power
Comparisons of actual device measurements with their rated powers were performed as part of the analysis. When possible, measurements for standby, normal operation, and peak power consumption were recorded. Table 2 below shows the device categories, the measurements, and their rated powers. In fairly broad terms, the rated power is in almost all cases higher than operating and peak power draw, but the magnitude of this difference depends on the category of equipment, and often varies from brand to brand. The power measurements of medical devices show that rated power often exceeds measured operating power and measured peak power, as expected. This difference is often so large that using rated power as a proxy for measured operating power would lead to UEC errors in excess of a factor of two. This difference may also impact two major aspects of hospital facility design. First, the use of rated power for estimating cooling loads created by medical equipment plug loads may result in improperly sized and less than optimally efficient cooling system equipment. Second, receptacle electric service is required to be sized to satisfy a load representing all expected plug loads operating at rated power. With rated power often being significantly greater than typical operating mode power consumption, electric services may be wastefully oversized, although the safety aspect of this requirement does justify a conservative approach.
Energy consumption of hospital MELs
An estimate of the aggregate energy consumption of medical equipment can only be made with knowledge of the power levels a device uses in each mode and how much time each device spends in each of its power modes (e.g. off, standby, charging, and operation, see Figure 1 ). For medical equipment, we have spot metered data of selected devices to provide power level information, but we have no direct measurements of time in each power mode. To indirectly estimate the time in each power mode of selected medical devices, two physicians were interviewed regarding typical use patterns, observations of power state when not in use, and standard hospital procedures. Estimated activity data are shown in Table 3 . These estimates are rough because they are based on the activity pattern estimates of physicians rather than detailed measurements. These data are the best available at this time for the activity of non-imaging medical equipment in hospitals, however, and they provide a way to estimate the magnitude of energy used by these device categories. For other equipment (e.g. computers and MRI machines), we used power consumption and activity data collected in other MELs studies or from published reports. For the purposes of this analysis, the SUH and LPCH inventories are combined. Table 3 Estimated fraction of devices in use and estimated fraction of time in power mode for selected device categories.
The activity data in Table 3 was combined with the spot power measurements in Table 2 according to the method shown in Figure 1 . Table 4 shows estimated unit energy consumption (UEC) for metered devices, annual aggregate energy consumption (AEC) for that specific device make and model, an estimate for the AEC of makes and models not metered, and an estimate for the device category AEC. In addition, the annual unit standby energy consumption (USEC) is shown to highlight cases where the UEC is significantly made up of standby energy use. In MELs energy analysis, it is common to have measured data on just a subset of the devices of interest. Estimates of the energy parameters are made for similar devices that were not measured. In these cases, we used the most conservative standard technique for these devices, which is to use the lowest UEC in the category as the UEC estimate for devices not metered. We did not make estimates for any device categories for which we did not have measured power data or physician provided activity estimates. Some device categories in Table 4 consume large amounts of energy and some consume quite small amounts. This diversity in energy use and, in particular, the existence of large energy consuming categories suggests a need for more detailed information on the energy consumption of these smaller medical devices. Determining the aggregate energy use of all medical MELs in the hospital was not possible based on the data we collected, but it appears likely that hundreds of additional MWh (in addition to the hundreds of MWh shown) are consumed annually by other small medical devices for which we do not have complete data in our case study hospitals.
% of Devices
As the first comparison case for medical MELs energy use in the hospitals, we estimated the energy use of computers in the facilities. The time in mode percentages, 70% on, 25% low-power, and 5% off, are estimates based on Lawrence Berkeley National Laboratory's (LBNL's) commercial MELs research and the extended working hours of the hospital. The annual energy consumption of each device type has been estimated based on LBNL measured field data in commercial buildings and the values are presented in Table 5 . Computers consume more energy than any single category of medical equipment in our small sample, but there are many medical MELs categories for which we have no data. Just the ten categories of medical devices for which we have estimates are about two-thirds of the computer total, and it is likely that small medical devices in aggregate consume far more than computers in a typical hospital. The second comparison case is to an MRI machine. MRI machines are often a primary subject of concern for medical equipment energy consumption because individual devices consume significant amounts of energy. Based on data collected by Koenigshofer et al. (2009) , an example MRI consumes an estimated 270 MWh annually when considering both direct electricity use and chilled water use. In aggregate, infusion pumps in our example hospitals consume more energy, and this further highlights the need to address the energy use of small devices in hospitals.
Future Work
A major obstacle we encountered was not being able to meter medical device power consumption during actual use. The measurements of actual medical device power consumption that we made are informative, but the pattern of use of each type of device is key to understanding how to improve the energy performance of those devices. Being unable to install power meters in-line with the power cords of medical devices in the hospital prevented the measurement of critical activity data. We propose the creation of a non-intrusive current monitor that clamps onto a power cord and provides estimates of relative current levels in the cable. The key feature of this activity sensing method is that it would only touch the outside of the power cord and would not interfere with the function of the device. This sensing method appears to be the best method of acquiring usage pattern activity data of electrical devices in sensitive locations such as patient areas in hospitals.
Additional data needs to be gathered on the power consumption levels of similarly capable equipment. This will enable robust estimates of the energy savings opportunities available through efficient procurement practices in hospitals. Our study shows that the energy consumption of small equipment is important to consider, but we did not collect broad enough data on enough devices to suggest the savings opportunity available today.
Summary and Conclusions
Based on the general approach used for miscellaneous loads in other commercial buildings, we developed a framework for quantifying power and energy consumption rates of medical equipment and miscellaneous electrical loads in hospitals. We worked collaboratively with staff from Stanford University Hospitals and Clinics and the Lucille Packard Children's Hospital to identify, understand and overcome challenges in adapting techniques for equipment inventory, use and power consumption data collection in the hospital environment.
Tracking systems used to ensure regular maintenance and calibration of diagnostic and treatment devices were used to quantify the prevalence of these devices. We made the first estimates of annual unit energy consumption for small medical devices based on measured power levels and activity levels estimated by medical professionals. These estimates clearly show a need for more data on these devices' energy use and a new focus on improving their energy efficiency.
We identified barriers to direct equipment monitoring in hospitals. These include (1) concerns about placing any device (e.g. a logging power meter) in-line with the power supply to any device used for patient care, (2) the fact that many medical devices are mobile and moved frequently for use in different areas of the hospital, creating logistics issues with recovering any metering device, and (3) patient privacy concerns that increase the logistical costs of researchers gaining access to verify equipment inventories and install even non-invasive activity monitors.
Several alternative approaches were developed in an effort to obtain data on medical equipment energy use. We developed a protocol for hospital biomedical technicians to acquire data on power consumption during standby, operating and peak power modes. Data were obtained for roughly 130 individual devices covering roughly 30 device categories. We gathered time in power mode estimates by interviewing physicians on typical usage patterns of medical equipment in different hospital environments.
This work clearly shows that small medical devices in hospitals consume a significant amount of energy, but the total energy use of these devices is unknown and difficult to quantify. We observed that more than one manufacturer sells devices that perform nearly identical functions, and some devices consume less energy to provide a particular function than others. Therefore, it is likely that increased information on the energy use of small medical equipment could have a significant impact on hospital energy use by motivating efficient procurement specifications and, in turn, encouraging the manufacture of more efficient medical equipment.
